The superconducting properties of high-Tc materials are functions of carriers concentration, which is controlled by the concentration of defects including heterovalent cations, interstitial oxygen ions, and oxygen vacancies. Here we combine low-temperature thermal treatment of La2−xSrxCuO4 epitaxial thin films and confocal Raman spectroscopy to control and investigate oxygen vacancies. We demonstrate that the apical site is the most favorable position to accommodate oxygen vacancies under low-temperature annealing conditions. Additionally we show that in high-quality films of overdoped La2−xSrxCuO4, oxygen vacancies strongly deform the oxygen environment around the copper ions. This observation is consistent with previous defect-chemical studies, and calls for further investigation of the defect induced properties in the overdoped regime of the hole-doped lanthanum cuprates.
The superconducting properties of high-Tc materials are functions of carriers concentration, which is controlled by the concentration of defects including heterovalent cations, interstitial oxygen ions, and oxygen vacancies. Here we combine low-temperature thermal treatment of La2−xSrxCuO4 epitaxial thin films and confocal Raman spectroscopy to control and investigate oxygen vacancies. We demonstrate that the apical site is the most favorable position to accommodate oxygen vacancies under low-temperature annealing conditions. Additionally we show that in high-quality films of overdoped La2−xSrxCuO4, oxygen vacancies strongly deform the oxygen environment around the copper ions. This observation is consistent with previous defect-chemical studies, and calls for further investigation of the defect induced properties in the overdoped regime of the hole-doped lanthanum cuprates.
One of the greatest challenges in research on hightemperature superconductivity is separating the effects of chemical disorder and electronic correlations on the physical properties of the superconducting cuprates. All cuprates share two substructures [1, 2] : the copper oxide (CuO 2 ) planes, which host the valence electron system, and the so-called charge reservoir, whose chemical composition is modulated by introducing impurities such as heterovalent cations, excess oxygens, or oxygen vacancies. The CuO 2 layers are insulating and antiferromagnetic if the Cu ions are in the valence state Cu 2+ . The imbalance between the valence of dopant and host ions in the charge reservoir results in extra charges which are transferred into the neighboring CuO 2 sheets via apical oxygens. As a result, the CuO 2 planes are populated with carriers and become metallic and superconducting while preserving shorter antiferromagnetic correlations.
Among the superconducting copper oxides La 2−x Sr x CuO 4 (LSCO) is unique due to the fact that the carrier concentration can be finely tuned by varying the Sr concentration, unlike other cuprates with higher T c that are doped by oxygen off-stoichiometry. A solid solution can be formed over a wide range of Sr concentration 0< x <1.3 [3] . This allows one to cover the full phase diagram across the whole superconducting dome from the undoped parent compound La 2 CuO 4 to the highly overdoped regime where eventually superconductivity is lost.
Recent work on LSCO thin films has revealed an unusual temperature dependence of the superfluid density in highly overdoped LSCO [4] , triggering a controversial discussion about the role of disorder in this regime of doping [4, 5] . In this context, it is important to realize that Sr doping modifies not only the carrier concentration but also the defect concentration [6, 7] . Indeed from a defect chemistry point of view, LSCO may also contain oxygen vacancies (V
••
O ) according to the equation [7] :
Here La O ) instead of two holes. The number of oxygen vacancies in bulk and thin films (δ) can be reduced by means of annealing under high-pressure oxygen or during epitaxial growth under a reactive oxidant atmosphere such as ozone or oxygen plasma [3, 8, 9] . These treatments, as it has been reported, extend the superconducting dome to higher doping levels both in bulk crystals and epitaxial thin films. The crystal structure of LSCO without interstitial oxygen (Figure 1(a) ) shows that there are two different oxygen positions: (i) apical oxygen O(2) and (ii) basal oxygen O(1). The role of these two inequivalent oxygens has been the subject of many studies aimed at understanding the influence of these two oxygens on the physical and chemical properties such as superconductivity and oxygen vacancy formation, respectively [10] [11] [12] [13] .
During the last decade it was demonstrated that high quality LSCO epitaxial thin films and heterostructures can be grown by using ozone-assisted atomic layer-bylayer molecular beam epitaxy (ALL-MBE) [4, 14] . Samples are generally fully oxidized over a wide range of doping, since the films are grown under a high purity ozone atmosphere that even results in excessive interstitial oxygen staging in underdoped LSCO [3] . Typically the concentration of carriers (holes) p in these films has been estimated as the concentration of Sr dopants, x (p = x), even in the overdoped regime [4] . However, the oxygen deficiency induced by Sr doping in LSCO has not been widely studied, and is thus not well-understood. One practical difficulty is that the presence of oxygen deficiency is difficult to detect.
Here we show that it is possible to selectively change the oxygen vacancy concentration and control it via exsitu postannealing. We also demonstrate that the p = x assumption has a progressively more limited validity upon moving towards the overdoped regime. This information could be essential for further understanding the physics and chemistry of high temperature supercon- ducting cuprates.
Our tool of choice to study this issue is Raman scattering from LSCO thin films. Raman spectroscopy is an extremely sensitive probe of local symmetry changes, and oxygen occupancies in thin films can be more easily controlled than in the bulk form via the annealing process [15, 16] . We grew high quality LSCO epitaxial thin films with four different Sr doping concentrations (x = 0.16, 0.25, 0.35 and 0.5) on LaSrAlO 4 (001) single crystalline substrates (Crystal GmbH) by using the ozone-assisted ALL-MBE system (DCA Instruments) [14] . Each film is 100 unit cells thick and all growths were controlled by using in-situ reflection high energy electron diffraction (RHEED). The film quality was confirmed by using atomic force microscopy (AFM) and high resolution X-ray diffraction (XRD). During growth the substrate temperature was kept at 630
• C according to the radiative pyrometer and the pressure was ∼ 1 × 10
Torr. A series of post-annealing treatments was carried out in the growth chamber of the MBE system: the base pressure was ∼ 1 × 10 −8 Torr for each vacuum annealing and ∼ 1 × 10 −5 Torr for annealing in ozone. During each growth and ozone annealing run, ozone was supplied from a dedicated delivery system by evaporating liquid ozone. The diamagnetic response and resistance were measured simultaneously as a function of temperature in the range of 4.2-300 K using a motorized dip-stick. The temperature was varied by inserting the dip-stick into the transport helium dewar. The Raman spectra were measured with a Jobin-Yvon LabRam HR800 spectrometer (Horiba Co.) combined with a dedicated confocal microscope with motorized objective lens with short depth of focus that allows measurements of films with thicknesses of ∼ 10 nm [17, 18] . The samples were illuminated with a He-Ne laser with wavelength 632.8 nm, and the scattered light was collected from the sample surface with a 100x objective. The experiments were performed in backscattering geometry along the crystallographic c-axis. The spectra are vertically shifted for clarity. All Raman spectra have overall similar shapes in spite of the wide variation of x, and are consistent with previous reports on bulk samples [19] [20] [21] . The strongest doping dependence is observed for the mode at ∼ 220 cm −1 and the mode at ∼ 600 cm −1 : both peaks increase in intensity as the Sr concentration increases. The other phonons at ∼ 150 cm −1 , ∼ 320 cm −1 , ∼ 360 cm −1 , and ∼ 450 cm −1 are only weakly doping dependent. The peak at ∼ 220 cm −1 has been assigned as the A 1g phonon mode that involves the even motion of the La/Sr atoms [19] [20] [21] bonded to the apical oxygens O(2). Thus the change of the amplitude of this peak with Sr doping level can be interpreted either as a consequence of increasing Sr concentration or the formation of oxygen vacancies in the apical position. The amplitude change is even more dramatic for the high energy mode at ∼ 600 cm −1 presented in Figure 1 (c). This broad peak is present over the whole range of x and its spectral weight increases with x. This particular mode has not been systematically studied in LSCO and its origin and assignment remain controversial. In Refs. [19, 22] an analogous high energy mode was observed in overdoped LSCO samples and assigned to oxygen vibrations, because the high energy of the mode suggests a small atomic mass. Interestingly, a similar broad peak located in the same • and 70
• . the spectra are scaled to match the intensity of the peak at 220 cm −1 . (inset) Experimental setup for the angle dependence measurement. Yellow surface is the thin film sample.
energy range was observed in a number of Raman studies on different materials with similar crystal structure, such as LaSrAlO 4 [23] and electron-doped cuprates with T structure [24] . Although the origin of this peak has not been conclusively established, previous studies suggest a connection with the presence of defects for this phonon mode with A 1g symmetry and they point out that it has a larger contribution with light polarized along the z-axis.
Here we use the same notation for this phonon mode as A * 1g mode following ref. [24] . The evolution of the peak at ∼ 600 cm −1 with Sr concentration possibly supports the hypothesis of a defect-induced origin of the A 1g mode. As this peak partially overlaps with the peak at 700 cm −1 which is essentially constant over the whole doping range, we plot the integrated area of the A * 1g peak as a function of Sr concentration in Figure 2 (a). Taking into account the defect chemistry analysis on the LSCO compound [7] the enhancement of spectral weight is consistent with the presence of more oxygen vacancies. In order to further clarify the symmetry and origin of the phonon mode at ∼ 600 cm −1 in LSCO thin films, Raman spectra with zz-polarization should be measured. Unfortunately the planar sample geometry of thin films makes it extremely challenging to collect the Raman signal from the out of plane z component.
We have overcome this challenge by measuring Raman spectra on tilted samples as described in Figure 2(b) . We positioned LSCO (x = 0.35) on wedges with different angles θ. In this configuration we could pick up a partial contribution from the z direction that increases with the angular deviation from the original standard z(YY)z geometry (in Porto's notation). The result of the angular dependent measurements is presented Figure 2(c) , where a striking difference between XX and YY polarized spectra is clearly seen for θ = 70
• at ∼ 600 cm −1 . The phonon mode at ∼ 600 cm −1 has a larger z component than the A 1g phonon mode at ∼ 220 cm −1 . This observation is consistent with the above-cited previous studies on similar compounds. Along the lines of Ref. [24] we can assign this anisotropic phonon mode A * 1g to the vibration of the apical oxygens at the vertices of the octahedral oxygen network surrounding the copper ions. Hence the spectral weights of A 1g and A * 1g phonon modes in Raman spectra can be used as selective and sensitive markers to judge the local modifications of the crystal structure caused by formation of oxygen vacancies in the LSCO epitaxial thin films. In the following, we focus on these markers to evaluate the tunability of oxygen concentration via low temperature annealing under vacuum.
Using a series of vacuum annealing processes we could vary the concentration of oxygen vacancies in our films. After each annealing process the superconducting transition temperature T c , the diamagnetic response and XRD were measured. In Table 1 we summarize samples, details of the annealing process, superconducting transition temperatures and c-axis lattice constants as obtained from XRD measurements. We studied three LSCO samples with different Sr doping levels x = 0.16 (optimum doping), 0.25 and 0.35 (overdoped). In Tab. 1 two superconducting transition temperatures are listed: T c,onset is the temperature at which the real and imaginary parts of mutual inductance start to change due to the diamagnetic screening, whereas T c,middle corresponds to the temperature where the imaginary part of the mutual inductance is maximized. Vacuum annealing processes reduce T c in all samples. Only in the case of overdoped LSCO with x = 0.35 the first vacuum annealing slightly increased T c due to the compensation of extra holes by electrons from V
O . Nonetheless, a second vacuum annealing process suppressed T c underreaching the T c of the optimum doped sample. This already indicates that the lattice distortions induced by V
O play an important role in determining T c together with the carrier concentration in the CuO 2 planes. T c was recovered by annealing in ozone as shown in Table 1 for the optimum doped LSCO film. The reversibility of T c suggests that the formation of oxygen vacancies in high quality LSCO films is also reversible. Notably, while T c was suppressed remarkably after a second annealing in vacuum, the reduction of the c-lattice constant was only moderate.
In order to clearly demonstrate that these peaks stem from oxygen deficiency, we looked at the Raman modes ∼ 220 cm −1 , and ∼ 600 cm −1 after each vacuum annealing that can modify the concentration of oxygen ions in the thin films. The un-polarized Raman spectra for three LSCO films x = 0.16, 0.25 and 0.35 measured after consecutive annealing processes are presented in Figure 3 (a), (b), (c) respectively. For clarity the spectra are vertically shifted. For comparison we plot also the spectrum obtained from the bare LaSrAlO 4 substrate (gray line) that contributes to the overall Raman signal from the samples. As mentioned above the strongest doping dependence of the spectral weights in the as grown LSCO films was observed at ∼ 220 cm −1 (blue-shaded area), and ∼ 600 cm −1 (gray-shaded). Subsequent annealing of LSCO films in vacuum at 280
• C has a dramatic effect on both modes in all three samples.
The spectral weight of the mode at ∼ 220 cm −1 is progressively suppressed with each vacuum annealing due to the increase in V
O at the apical site that, in turn, affects the motion of La/Sr atoms. Annealing in ozone recovers this peak to the initial value for all three doping concentration, as shown in Figure 3 . On the other hand the spectral weight of the A * 1g phonon mode at ∼ 600 cm −1 gradually increases after the vacuum annealing processes, differently from the in-plane modes at ∼ 320 cm −1 and ∼ 370 cm −1 which do not vary with doping and thermal treatment. We can thus conclude that our findings imply a selective generation of oxygen vacancies at the apex of the octahedron, O(2) in the Figure 1(a) . This is supported by the changes of the apical-related modes at ∼ 220 and ∼ 600 cm −1 and by the fact that the other planar modes remain unchanged.
In conclusion, our study has provided new insights into the defect chemistry of high quality LSCO epitaxial films grown by ozone-assisted MBE: (i) the number of oxygen vacancies V
O increases strongly as a function of Sr doping even in samples grown in a highly oxidizing environment; (ii) the oxygen vacancies can be selectively introduced at the apical position of the CuO 6 octahedron by low temperature annealing in vacuum; (iii) confocal Raman microscopy is an appropriate tool to investigate oxygen defects in thin epitaxial oxide films.
Moreover the increasing tendency to form V
O in high quality LSCO thin films as x increases highlights an important source of disorder that one needs to consider in interpreting the physical properties of transition metal oxides. We used the prototypical layered transition metal oxide LSCO to investigate the effect of annealing in different oxygen environments on the defect concentration. The higher tendency of overdoped samples to accomodate V
O calls for further investigations of the influence of disorder on the superconducting properties in this regime of the phase diagram [4, 5] . Finally the selective generation of apical oxygen vacancies could provide an in situ tool to tune the electronic structure of LSCO without major disruption of the CuO 2 plane [25] .
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